Signals from extraembryonic tissues in mice determine which proximal epiblast cells become primordial germ cells (PGCs). After their specification, approximately 40 PGCs appear at the base of the allantoic bud and migrate to the genital ridges, where they expand to about 25 000 cells by Embryonic Day (E)13.5. The heterochromatin protein 1 (HP1) family members HP1al-pha, HP1beta, and HP1gamma (CBX5, CBX1, and CBX3, respectively) are thought to induce heterochromatin structure and to regulate gene expression by binding methylated histone H3 lysine 9. We found a dramatic loss of germ cells before meiosis in HP1gamma mutant (HP1gamma À/À ) mice that we generated previously. The reduction in PGCs in HP1gamma À/À embryos was detectable from the early bud stage (E7.25), and the number of HP1gamma À/À PGCs was gradually reduced thereafter. Bromodeoxyuridine incorporation into PGCs was significantly reduced in E7.25 and E12.5 HP1gamma À/À embryos. Furthermore, a lower proportion of HP1gamma À/À PGCs than wild-type PGCs was in S phase, and a higher proportion, respectively, was in G1 phase at E12.5. Moreover, the proportion of p21 (Cip, official symbol CDKN1A)-positive HP1gamma À/À PGCs was increased, suggesting that the G1/S phase transition was inhibited. However, no differences were detected between fate determination, migration, apoptosis, or histone modification of PGCs of control embryos and those of HP1gamma À/À embryos. Therefore, the reduction in PGCs in HP1gamma À/À embryos could be caused by impaired cell cycle in PGCs. These results suggest that HP1gamma plays an important role in keeping enough germ cells by regulating the PGC cell cycle.
INTRODUCTION
Considerable information has been gathered about the development of germ cells in mice. Cells fated to give rise to germ cells are specified from among proximal epiblast cells starting between Embryonic Day (E) 6.25 and E6.5. Bone morphogenetic protein 4 (BMP4) signaling from extraembryonic tissues is responsible for determining their fate [1, 2] , and a few cells expressing the germ cell lineage markers BLIMP1 (official symbol PRDM1) and PRDM14 [3] [4] [5] [6] continue to be induced at least until the late-streak (LS) stage (E7.0). These primordial germ cells (PGCs) increase in number from the early-bud (EB) stage (E7.25) [2] . At the EB stage, PGCs can be recognized as a cluster of approximately 40 cells in the extraembryonic mesoderm that are positive for alkaline phosphatase (AP) staining and anti-Stella (official symbol DPPA3, also known as Pgc7) [3, 7] .
After E7.25, PGCs start to migrate to the genital ridges, and they undergo epigenetic reprogramming during this migration. For example, DNA methylation and dimethylated histone H3 lysine 9 (H3K9me2) are lost, and the H3K27me3 marker is enhanced [8] . Furthermore, the PGC cell cycle is arrested at the G2 phase during migration (between E7.75 and E8.75) [8] . At E10.5, PGCs arrive in the gonad [9, 10] and proliferate rapidly until E13.5 [11] . At around E7.25, Prdm1 À/À and Prdm14 À/À embryo PGCs are reduced compared with those of wild-type embryos, because of an impairment in PGC specification [4] [5] [6] . The KIT-STEEL signaling pathway plays important roles in the survival, migration, and proliferation of PGCs from the time of their specification [12] [13] [14] [15] . In the absence of either ligand or receptor, mice are sterile and have a reduced number of PGCs. However, molecular mechanisms of specification, migration, and proliferation of PGCs remain to be elucidated.
Heterochromatin protein 1 (HP1) is an epigenetic factor that includes three family members, HP1a, HP1b, and HP1c (CBX5, CBX1, and CBX3, respectively). HP1 proteins have three domains, an N-terminal chromo domain (CD), a hinge region, and a C-terminal chromo-shadow domain (CSD) [16] . The HP1 family is thought to regulate gene expression by binding to H3K9me2 and to induce formation of the heterochromatin structure. Our previous study of HP1c À/À mice found that both sexes are infertile [17] and that the chromosomes show a defect in meiosis, probably because histone modification at the pericentromeric heterochromatin is impaired (Takada and Naruse, unpublished results). Another report found that male germ cell development is impaired by a hypomorphic mutation of HP1c [18] . However, the function of HP1c in early embryonic stages remains unknown.
In this paper, we report that HP1c has an important role in PGC proliferation but not in somatic cell proliferation. The number of HP1c À/À PGCs was significantly reduced because of a defect in their proliferation and not because of a defect in PGC apoptosis regulation or histone modification. HP1c has been implicated in heterochromatin formation and genomic instability. However, our results indicate that HP1c may have another role in regulating the cell cycle of PGCs.
MATERIALS AND METHODS

Animals
Mice with mutations in HP1c were generated by using a modified gene trap method [17] based on a previously described procedure [19] . HP1c À/À embryos were obtained by intercrossing HP1c þ/À mice from a mixed 129/Ola and C57BL/ 6J background. To mark PGCs by fluorescence, HP1c þ/À mice were mated with Prdm1-mVenus transgenic (tg) mice [20] and HP1c þ/À ; Prdm1-mVenus tg mice were backcrossed to HP1c þ/À mice to make HP1c
, Prdm1-mVenus tg mice that were used for histological and flow cytometry analyses.
All mice were housed under specific-pathogen-free conditions at the Institute for Experimental Animals of Kanazawa University. Animal experiments were conducted according to the Fundamental Guidelines for Proper Conduct of Animal Experiment and Related Activities in Academic Research Institutions, under the jurisdiction of the Ministry of Education, Culture, Sports, Science and Technology of Japan, and were approved by the Committee on Animal Experimentation of Kanazawa University, and followed safety guidelines for gene manipulation experiments at Kanazawa University.
Antibodies
Antibodies were obtained from the indicated sources and used at the indicated dilutions, as follows: mouse anti-MVH (DDX4; 1:200 dilution; a gift from Dr. Noce [Shiga University of Medical Science, Otsu, Japan], 1:500 dilution; code ab13840; Abcam); rat anti-green fluorescent protein (GFP; 1:500 dilution; code 04404-87; Nacalai); mouse anti-HP1a (1:500 dilution; code 05-689; Upstate Biotechnology); rat anti-HP1b (1:500 dilution; code MCA1946; Serotec); mouse anti-HP1c (1:500 dilution; United States Biological); mouse anti-H3K9me2 (1:500 dilution; code ab1220; Abcam); mouse anti-H3K9me3 (a gift from Dr. Kimura; Osaka University, Osaka, Japan); rabbit antiH3K27me3 (1:1000 Embryos with decidua or genital ridges were fixed with 4% paraformaldehyde (PFA) in PBS, embedded in paraffin wax, and cut into 5-lm serial sections. Sections were deparaffinized and stained using the 2-hydroxy-3-naphtoic acid-2 0 -phenylanilide phosphate (HNPP) fluorescent detection set (Roche) according to the manufacturer's instructions to detect AP in germ cells. For antigen unmasking, sections on slides were autoclaved in 0.05% Tween-20-Tris-EDTA (pH 9.0) at 1208C for 3 min. Sections were blocked with blocking buffer (1% bovine serum albumin, 1% Block Ace (Yukijirushi), 0.1% TritonX-100, and 0.05% Tween-20) and incubated with primary antibodies diluted as described above at 48C overnight. Slides were washed and incubated with secondary antibodies containing 2 lg/ml 4 0 ,6-diamidino-2-phenylindolein (DAPI) at room temperature for 1 h, washed, mounted in ProLong Gold antifade reagent (Molecular Probes), and examined under a fluorescence microscope (Olympus model IX71).
Whole-Mount AP Staining
Embryos or genital ridges were isolated in PBS and fixed with 4% PFA in PBS at 48C for 30 min or 1 h, respectively. Embryos and genital ridges were washed with PBS and immersed in absolute ethanol for 1 h at 48C. Dehydrated tissues were washed with NTMT solution (0.1 N NaCl, 0.1 M Tris-HCl [pH 9.5], 50 mM MgCl 2 , 0.1% Tween-20) and stained with nitro-blue tetrazolium chloride (NBT)/5-bromo-4-chloro-3 0 -indolylphosphatase (BCIP) solution (0.045% NBT and 0.035% BCIP in NTMT solution) for 15 to 30 min. Embryos were then washed with PBS and examined under a stereomicroscope [22] .
Whole-Mount Immunofluorescence
Embryonic fragments from extraembryonic mesoderm (LS stage) and the base of allantois (EB-EHF stage) were collected from dissected embryos, stained with anti-GFP antibody [5] , and examined under a confocal fluorescence microscope (Zeiss model LSM 510 META). Z-stacked image files were obtained every 4 lm. These images were manipulated using ZEN (Zeiss) and PhotoShop Element (Adobe) software, and then the number of GFP-positive cells was counted carefully to avoid double counting.
Sorting of PGCs and Real-Time PCR
Genital ridges were dissected from embryos and incubated with 0.25% trypsin in PBS at 378C for 5 min, and then Dulbecco modified Eagle medium (DMEM) containing 10% fetal calf serum was added to stop the enzymatic reaction. After samples were pipetted, the singly suspended cells were collected by centrifugation (3000 rpm, 5 min) and resuspended in fluorescence-activated cell sorting (FACS) solution (2% fetal calf serum and 0.01% NaN 3 in Hanks solution). mVenus-positive cells were isolated by flow cytometry (JSAN; Bay Bioscience), and total RNA was extracted from these sorted cells by using an RNeasy micro kit (Qiagen). Complementary DNA (cDNA) was synthesized by using a PrimeScript RT reagent kit (Takara), and real-time PCR amplification was performed using a Thermal Cycler Dice (Takara) with SYBR Premix Ex Taq II (Takara). Primer sequences are listed in Supplemental Table S1 (all Supplemental Data are available online at www.biolreprod.org). PCR conditions were 948C for 5 min, followed by 40 cycles of 948C for 15 sec, and 608C for 30 sec, and the dissociation protocol was performed. The copy numbers of mRNA were calculated and normalized to the levels of Gapdh mRNA.
BrdU Labeling
Pregnant female mice were given BrdU (100 mg/kg body weight at EB stage; 50 mg/kg body weight at E12.5) by intraperitoneal injection, and EB stage and E12.5 embryos were dissected from the pregnant female 1.5 and 2 h later, respectively. Genital ridges were dissected from the embryos, fixed with 4% PFA in PBS at 48C, and processed for immunofluorescence by using the anti-BrdU antibody.
FACS Analysis of Cell Cycle
Single-cell suspensions prepared from genital ridges were fixed in 4% PFA in PBS for 15 min on ice. Cells were incubated in 70% ethanol at À208C overnight and washed with FACS solution. Cells were then treated with 0.1 mg/ml RNaseA in FACS solution for 30 min at room temperature, and their DNA was stained with 50 lg/ml propidium iodide. They were then analyzed by using a flow cytometer (JSAN; Bay Bioscience). The cell cycle was analyzed from the DNA histograms by using FlowJo software.
In Vitro Culture of PGCs
Sl/Sl 4 -m220 feeder cells [23, 24] were treated with 2 lg/ml mitomycin C for 2 h and plated in 24-well plates at 1 3 10 5 cells per 1 cm 2 . Genital ridges from E11.5 embryos were trypsinized, and half of them were seeded on feeder cells. Culture medium consisted of DMEM with 15% fetal bovine serum, 1 mM sodium pyruvate, 0.1 mM nonessential amino acids, 2 mM GlutaMAX-1 (Invitrogen), 0.5 mM StemSure (Wako), and additives. PGCs were cultured in culture medium in the presence or absence of 10 3 U/ml leukemia inhibitory factor (LIF) and 10 lM Forskolin for 8 to 48 h [23, 24] . PGCs were fixed with 4% PFA for 15 min and stained using HNPP fluorescent detection set.
Statistical Analysis
Results are expressed as means 6 SD. Statistical evaluation was carried out by using a Student t-test following the evaluation for equality of variance between genotypes. A two-sided P level of ,0.05 was accepted as statistically significant. In addition to a t-test, we also used a nonparametric Mann-Whitney U-test as a statistical analysis of the data shown in Figure 4 .
Supplemental Materials and Methods
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RESULTS
Reduced Number of PGCs in HP1c À/À Embryos
We found that the number of HP1c À/À germ cells was reduced before meiosis. To clarify when the number of HP1c À/À germ cells began to be affected, sections of the genital ridges were stained with the germ cell markers DDX4 and AP. The numbers of PGCs in the genital ridges of HP1c À/À embryos of both sexes at E13.5 and E11.5 were dramatically reduced compared with those of wild-type embryos (Fig. 1, A and B) . At E11.5, the number of AP-positive HP1c À/À PGCs was reduced to one-third that of HP1c þ/À PGCs (Fig. 1C) . We also stained PGCs at the E/LHF stages (E7.75-E8.0) with AP and detected approximately 38 AP-positive PGCs in the wild-type and HP1c þ/À embryos, while only approximately 20 AP-positive PGCs were detected in the HP1c À/À embryos ( Fig. 1, D 
and E).
To count the number of PGCs accurately during the early developmental stages, we established wild-type and HP1c À/À mice whose germ cells were marked with mVenus fluorescence by mating wild-type or HP1c À/À mice with Prdm1-mVenus tg mice [20] . The number of Prdm1-mVenus-positive PGCs in the control (wild-type and HP1c þ/À embryos) was comparable to that in the HP1c À/À embryos at the LS stage (E7.0). However, there were slightly (approximately two-thirds that in control embryos) but significantly fewer HP1c À/À PGCs than control PGCs at the EB (E7.25) and EHF stages (E7.75) (Fig.  1, F and G) . These results indicate that the HP1c À/À PGCs were reduced in number from an early developmental stage and that the number of HP1c À/À PGCs was gradually reduced thereafter.
Although the number of PGCs was normal at the LS stage after the induction of PGC precursors, we examined the Bmp4 signaling pathway, as it is the key cascade for inducing PGC precursors [25] [26] [27] [28] . The expression levels of Bmp4 and phospho-Smad1/5/8, downstream molecules of Bmp receptors, in control embryos were comparable those of HP1c À/À embryos at E6.5 and E7.25 (Supplemental Figure S1 ).
Expression of HP1 Family Members and Histone Modifications in PGCs
We examined the expression pattern of HP1c during early embryogenesis. For this analysis, the lacZ gene was inserted into the HP1c gene locus [17] , and HP1c þ/À embryos were stained with 5-bromo-4-chloro-3 0 -indolyl-D-galactopyranoside (X-gal) to monitor HP1c expression. HP1c was strongly expressed in almost all embryonic regions and weakly in some extraembryonic regions including allantois and yolk sac blood islands during early embryogenesis (Supplemental Figure  S2A) . Wild-type embryos were not stained by X-gal at all (data not shown). The HP1c À/À embryo development was morphologically normal at E8.5, as shown in whole-mount views and hematoxylin-eosin-stained sections (Supplemental Figure S2 , B and C).
We next examined expression of the HP1 family genes in PGCs. Immunofluorescence with a specific anti-HP1c antibody IMPAIRED PGC PROLIFERATION IN HP1c À/À MICE showed that HP1c was broadly expressed in the PGCs at E7.5 and E9.5 ( Fig. 2A) . At E11.5 and E12.5, HP1c accumulated in DAPI-dense foci in the PGCs, but its signals were weaker than those at E9.5 [29] . HP1a and HP1b in PGCs at E12.5 showed diffuse staining patterns in contrast to that of HP1c (Fig. 2, A  and B) . Quantitative RT-PCR analysis showed that HP1c was expressed at the same level in both gonadal somatic cells and PGCs, while the expression level of HP1a was significantly lower in PGCs than in gonadal somatic cells, and the expression of HP1b was barely detectable in either gonadal somatic cells or PGCs (Fig. 2C) . These expression results suggest that HP1c, rather than HP1a or HP1b, might play an important role in the development and differentiation of PGCs.
We also analyzed the histone modifications of PGCs during early development by using immunofluorescence. At E7.5, the levels of H3K9me2 in HP1c À/À PGCs were indistinguishable from those in control. At E8.5 and E12.5, H3K9me2 levels were reduced, and H3K9me3 was detected in both the HP1c À/À and control PGCs (Fig. 3, A and B) . H3K27me3 was strongly detected, and H3K79me2 was rarely detectable in both IMPAIRED PGC PROLIFERATION IN HP1c À/À MICE genotypes of PGCs at E9.5 and E12.5, respectively (Fig. 3, C  and D) . Moreover, the cellular localization of these signals was almost identical. These results suggest that the global heterochromatin structure was properly maintained in the HP1c À/À PGCs.
Migration and Differentiation of HP1c À/À PGCs
To clarify the cause of the reduced number of PGCs, we first examined the migration of HP1c À/À PGCs at the base of the allantois, the starting site for PGC migration, by using AP staining. HP1c À/À PGCs migrated normally from the mesodermal to the endodermal tissues at E8.5 (Supplemental Figure  S3A) . During the migration stage at E9.5, HP1c À/À PGCs were detected only in the hindgut (Supplemental Figure S3B) . At E11.5, the HP1c À/À PGCs had completed their migration to the genital ridges without disseminating into other tissues (Fig. 1B and Supplemental Figure S3C ).
We next investigated PGC differentiation status by using the single-cell RT-PCR method [3, 30] . From the HP1c þ/À embryos at E8.5, we obtained 11 PRDM1-and DPPA3-positive cells from among 143 GAPDH-positive cells, and few of them expressed the somatic fate markers HOXA1 (1/11 cells) and HOXB1 (0/11 cells) [30, 31] . Similarly, from the HP1c À/À embryos at E8.5, we obtained 8 PRDM1-and DPPA3-positive cells from among 157 GAPDH-positive cells, and few of them expressed HOXA1 (1/8 cells) and HOXB1 (1/ 8 cells). The same analysis at E7.75 also showed no HOXA1 and HOXB1 expression in almost all of the PRDM1-and DPPA3-positive cells in both the HP1c þ/À and HP1c À/À embryos (Supplemental Figure S4, A and B) . These results suggest that the somatic fate markers HOXA1 and HOXB1 were down-regulated normally in HP1c À/À PGCs.
We also examined whether HP1c À/À PGCs have the potential to generate pluripotent embryonic germ (EG) cells, which is an important characteristic of PGCs. EG cells positive for AP and POU5F1 (Oct-3/4) could be established from HP1c À/À PGCs as well as from wild-type PGCs from genital ridges at E11.5 (Supplemental Figure S4C) . The number of EG cell colonies consisting of approximately 20 cells established from HP1c À/À PGCs (0.7 6 0.5 from half the genital ridges, n ¼ 7) was approximately half of that from control PGCs (1.3 6 1.3 from half the genital ridges, n ¼ 23). Considering the number of PGCs at E11.5 genital ridges (Fig. 1C) , the efficiency of control EG cell establishment is almost the same as that of HP1c À/À PGCs. Taken together, these results suggest that migration, acquisition of germ-cell fate, and ability to generate EG cells were not impaired in the HP1c À/À PGCs.
Impairment of Cell Cycle Progression in HP1c À/À PGCs
We next analyzed the cell cycle status of HP1c À/À PGCs by using immunofluorescence with antibodies for several cell cycle markers. The proportion of PGCs in S phase was investigated by BrdU incorporation. At the EB stage (E7.25), when the number of PGCs began to be affected in HP1c À/À embryos, the proportion of BrdU-positive cells in the HP1c À/À PGCs was slightly but significantly lower than that in HP1c þ/À PGCs (Fig. 4, A and B) . The reduced proportion of BrdUpositive cells in HP1c À/À PGCs was apparent in the E12.5 male gonad (Fig. 4, C and D) . On the contrary, almost all of the PGCs in wild-type and HP1c À/À gonads were positive for MKI67, a protein expressed in all phases of the cell cycle but absent in the G0 phase (Fig. 4, E and F) [32] . We also examined cell populations in the G2/M phase by using an anti- phosphorylated H3S10 antibody [33] and found that the proportion of phosphorylated H3S10-positive HP1c À/À PGCs was comparable to that of wild-type PGCs (Fig. 4, G and H) . These results suggested that HP1c À/À PGCs had a defect in cell cycle progression.
To examine the cell cycle status from the DNA content of the PGCs, we performed a FACS analysis using propidium iodide-stained cells [8] . In the HP1c À/À PGCs, the proportion of PGCs in S phase was lower and that in G1 phase was higher than that in wild-type PGCs (Fig. 5, A and B) , which was IMPAIRED PGC PROLIFERATION IN HP1c À/À MICE consistent with the BrdU-staining results (Fig. 4, A-D) . In contrast, the cell cycle status of the gonadal somatic cells of the HP1c À/À embryos was not significantly different than that of the wild-type embryos (Fig. 5, A and B) . In addition, the cell proliferation rate of HP1c À/À mouse embryonic fibroblasts (MEFs) was the same as that of wild-type MEFs (Supplemental Figure S5) . These results strongly suggest that HP1c À/À PGCs were specifically impaired in their cell cycle progression, especially at the G1/S transition.
Cell-Autonomous Function of HP1c in PGC Proliferation
Because HP1c was expressed in PGCs as well as in gonadal somatic cells, we examined whether the loss of HP1c affects PGC proliferation with little influence from gonadal somatic cells. PGCs were cultured in vitro in the presence or absence of LIF and Forskolin, stimulating factors for proliferation of PGCs, for 1 and 2 days, and the number of AP-positive PGCs was counted. Wild-type PGCs could proliferate with LIF and Forskolin, although they rapidly decreased without LIF and Forskolin. On the contrary, HP1c À/À PGC numbers decreased, even with LIF and Forskolin, like wild-type PGCs without LIF and Forskolin (Fig. 6, A and B) . These results suggest a cellautonomous function of HP1c in PGC proliferation.
Expression of Cyclin-Dependent Kinase Inhibitors
We next examined the expression levels of cyclindependent kinase inhibitors (CKIs), including p15 (INK4b, official symbol CDKN2B), p21 (Cip, official symbol CDKN1A, and p27 (Kip, official symbol CDKN1B). CDKN1A and CDKN1B interact with the CDK2-cyclin E complex, and CDKN2B interacts with the CDK4-cyclin D complex. These CKIs inhibit the activities of these complexes, and this results in G1 arrest [34] . No CDKN1B expression was detected in either wild-type or HP1c À/À PGCs (Fig. 7A) , and CDKN2B was detected in almost all PGCs in both genotypes (Fig. 7B) .
We next investigated CDKN1A expression by using immunofluorescence and found that the proportion of CDKN1A-positive PGCs in HP1c À/À PGCs (23%) was significantly higher than that in wild-type PGCs (5.5%) (Fig.  7, C and D) . Although CDKN1A is known to be up-regulated by DNA damage [35] , the expression of phospho-p53, a marker for DNA damage, in HP1c À/À PGCs was comparable to that in wild-type PGCs (Supplemental Figure S6, A and B) . We also examined apoptosis by using the TUNEL method with E11.5 genital ridges and found that apoptosis was not enhanced in HP1c À/À PGCs (Supplemental Figure S6, C and D) . ridges (þLIF, þForskolin) , n ¼ 5. Values are means 6 SD. **, P , 0.01; *, P , 0.05.
Therefore, the increased expression of CDKN1A in HP1c À/À PGCs was not related to DNA damage.
Taken together, our results strongly suggest that HP1c is an important factor for the G1/S transition in PGCs and that the impairment of cell cycle progression causes the reduced number of HP1c À/À PGCs.
Gene Expression Profiles of HP1c À/À Versus Wild-Type PGCs
To examine the molecular mechanisms of HP1c's regulation of the cell cycle, we compared the gene expression profile of HP1c À/À PGCs with that of wild-type PGCs. From among 41 534 oligonucleotide probes, 358 up-regulated probes (fold change [FC] . 1.5, P , 0.05) and 293 down-regulated probes (FC . 1.5, P , 0.05) were listed, and gene ontology (GO) enrichment analysis was performed (Supplemental Table S2 ). Unexpectedly, we found that cell cycle-related genes were not listed, while genes encoding proteins related to ''cell adhesion'' and ''extracellular matrix part'' were listed among the top 15 GO terms. Moreover, genes with functions in differentiated tissues, such as ''angiogenesis,'' ''morphogenesis of a polarized epithelium,'' and ''regulation of smooth muscle cell proliferation,'' were also listed in the top 15 GO terms. We reasoned that genes that are normally down-regulated in PGCs to maintain their undifferentiated state might be aberrantly upregulated in HP1c À/À PGCs. We then compared our gene list with the gene profile generated by comparing E11.5 PGCs with their surrounding somatic cells [36] . Among 2369 genes that were down-regulated in the E11.5 PGCs compared with those in somatic cells [36] , 103 genes (FC . 1.5, P , 0.05) showed expression in HP1c À/À PGCs that was different than that in wild-type PGCs (59 up-regulated genes, 44 down-regulated genes) (Supplemental Figure S7) .
DISCUSSION
Numbers of PGCs Were Significantly Reduced in HP1c À/À Embryos Because of Defective G1/S Transition
We previously reported that HP1c À/À males and females are sterile [17] . We also found that both spermatogenesis and oogenesis of HP1c À/À mice were disturbed because of an impairment in meiosis (Takada and Naruse, unpublished data). HP1c hypomorphic mutant mice have recently been reported [18] . In these mice, the number of germ cells is comparable to that in wild-type mice before birth, although adult male germ cells are significantly decreased. The difference between this phenotype and that of our mutant mice might be explained by the residual expression levels of HP1c in the hypomorphic mutants. Our expression array data showed that the HP1c expression was completely lost in the PGCs of our mutant mice. In addition, although the Hnrnpa2b1 gene is reported to be located near the HP1c gene [37] , and both genes are divergently transcribed [38] , the expression level of the Hnrnpa2b1 gene was not affected in our HP1c mutant mice.
In this study, we found that the number of HP1c À/À PGCs in genital ridges was significantly reduced. Moreover, the reduction had already occurred at the EB stage (E7.25). We examined the following possibilities that might account for this reduction in PGCs.
Fate Determination of PGCs
At the LS stage, the number of PGCs in HP1c À/À embryos was not significantly different from that in control embryos (Fig. 1G) . Because PGCs are induced from the pre-/no-streak stage through at least the LS stage [2] , our results suggest that the induction of PGCs was not affected in HP1c À/À embryos. Germ cell fate is determined by the appropriate activation of IMPAIRED PGC PROLIFERATION IN HP1c À/À MICE BMP4, BMP8B, and BMP2 signaling pathways from extraembryonic tissues, and defects in these signals cause loss of PGC precursors and abnormal morphogenesis of embryos, especially absence of or short allantois in these mutant embryos [2, 25, 27, [39] [40] [41] [42] [43] . We observed that BMP4 and phospho-SMAD1/5/8 were distributed similarly in HP1c À/À and wildtype embryos and that the morphology of HP1c À/À embryos, especially the formation of allantois, appeared normal (Supplemental Figures S1 and S2) .
We used single-cell RT-PCR to examine whether HP1c À/À PGCs properly acquired germ cell fate (Supplemental Figure  S4, A and B) . The Dppa3 gene (a PGC marker) was expressed, but Hoxa1 and Hoxb1 (somatic cell markers) expression levels were down-regulated in HP1c À/À and HP1c þ/À PGCs. EG cells could be established from HP1c À/À PGCs with efficiency similar to that of control PGCs (Supplemental Figure S4C) . Furthermore, the gene expression profiles obtained in our microarray analysis revealed that undifferentiated cell markers, such as Sox2, Pou5f1, and Nanog, were expressed equally between HP1c À/À and wild-type PGCs. These findings suggested that HP1c À/À PGCs acquired the germ cell fate.
Migration of PGCs to the Genital Ridge
Various factors are reported to be indispensable for the proper migration of PGCs [44] . In HP1c À/À embryos, PGCs migrated into the endoderm tissues properly and could not be detected in mesoderm tissues at E8.5 (Supplemental Figure  S3A) . Furthermore, HP1c À/À PGCs were not abnormally located in the hindgut, mesentery (Supplemental Figure  S3B) , and genital ridges (Supplemental Figure S3C) . It is therefore unlikely that the migration of PGCs is impaired in HP1c À/À embryos.
Apoptosis and Instability of the Heterochromatin Structure of PGCs
Apoptosis was not induced in HP1c À/À PGCs (Supplemental Figure S6, C and D) , and the level of phospho-p53, which induces BAX gene expression [45, 46] , in HP1c À/À PGCs was also comparable to that of wild-type PGCs (Supplemental Figure S6, A and B) . Because HP1c is involved in maintaining heterochromatin structure, we also analyzed the histone modifications of PGCs during early development. As shown in Figure 3 , the levels of H3K9me2, H3K9me3, H3K27me3, and H3K79me2 in HP1c À/À PGCs were indistinguishable from those in control PGCs. These results suggest that the global heterochromatin structure was properly maintained in HP1c À/À PGCs.
Cell Cycle of PGCs
We found that BrdU incorporation in HP1c À/À PGCs was reduced compared to that in control PGCs from the EB stage (Fig. 4, A-D) and that HP1c À/À PGCs were accumulated in the G1 phase (Fig. 5B) . Furthermore, the proportion of CDKN1A-positive PGCs increased in HP1c À/À embryos compared with that in the wild-type (Fig. 7, C and D) . Because the degradation of CDKN1A protein is necessary for G1/S transition [47] , the accumulation of CDKN1A might cause G1 arrest in HP1c À/À PGCs. Therefore, it is likely that the impaired G1/S transition is the reason for the reduced number of PGCs in HP1c À/À embryos. Although the reduction was detected from the EB stage, we could not examine the cell cycle status by FACS at that early developmental stage because of the small number of PGCs. Therefore, we cannot completely exclude the possibility that defects other than those at G1/S transition might cause the reduction in PGC numbers that occurs before the migration stage.
On the other hand, no significant impairment of the cell cycle was observed in gonadal somatic cells or MEFs (Fig. 5B and Supplemental Figure S5 ). The sizes of the HP1c À/À whole embryo at E8.5 (Supplemental Figure S2) and genital ridges at around E11.5 (Fig. 1B) were comparable to those of wild-type embryos. Furthermore, in vitro culture of PGCs with little influence of gonadal somatic cells suggested a cell-autonomous function of HP1c in PGC proliferation (Fig. 6, A and B) . Therefore, HP1c may play a specific role in regulating the cell cycle of germ cells, and/or the cell cycle regulation of somatic cells is compensated for by HP1a and HP1b in HP1c À/À embryos.
Mechanisms of Cell Cycle Regulation of PGCs by HP1c
In cultured cells, HP1 appears to play roles related to the cell cycle. In M-phase cells, H3S10 phosphorylation causes HP1 to dissociate from chromosomes [48, 49] . HP1 also interacts with p150/CAF-1 and plays an important role in S-phase progression and replication of pericentric heterochromatin [50] . HP1 and retinoblastoma protein bind to the promoter of the cyclin E gene via methylated H3K9 and regulate expression of cyclin E to control cell cycle progression [51, 52] . Moreover, the loss of Swi4 and Swi6, yeast homologs of HP1, results in a reduction of H3K79me2, and the loss of Dot1, an H3K79 methyltransferase, leads to impairment of the G1/S cell cycle transition. These results suggest that Swi4 and Swi6 regulate the expression of G1/S transition factors [53] . However, expression levels of phosphorylated H3S10 (Fig. 4H) , H3K79me2 (Fig. 3D) , cyclin E, and other cell cycle-related genes (cyclin, cyclin-dependent kinase, and others) in HP1c À/À PGCs were not significantly different from those in wild-type PGCs.
In many cell lineages, an accumulation of CDKN1A is observed during cell cycle arrest, accompanied by differentiation. Histone deacetylase 1 (Hdac1) À/À embryos show defective cell cycle progression, and CDKN1A is up-regulated in these embryos at E9.5 compared with that in wild-type embryos. The loss of HDAC results in severe growth retardation and impairment of embryonic stem cell proliferation [54] . A recent study showed that CDKN1A protein is upregulated at E14.5 in PGCs during the mitotic arrest of male PGCs or of female PGCs at entry into meiosis [55, 56] . In the present study, we showed that the proportion of CDKN1A-positive HP1c À/À PGCs increased at E12.5, approximately 2 days earlier than in wild-type embryos (Fig. 7, C and D) . Therefore, it is possible that the initiation of the mitotic arrest of male PGCs or meiosis of female PGCs occurs earlier in HP1c À/À PGCs. At the initiation of mitotic arrest of wild-type male PGCs, CDKN1B (p27, Kip1) and CDKN2B (p15, INK4b) expression levels increased [55, 56] , but their genes were not up-regulated in the HP1c À/À PGCs (Fig. 7, A and B) .
Growth factors, cell adhesion molecules mediated by extracellular matrix, and downstream signaling factors seem to be important for the proliferation of PGCs. For example, mice deficient in the peptidyl-prolyl isomerase 1 (Pin1) gene [57] [58] [59] are reported to be impaired in germ cell proliferation. However, we could not find any signaling cascade including the Pin1 gene directly connected to the arrest of the cell cycle in HP1c À/À PGCs by microarray analysis. Moreover, we found that no GO term related to the cell cycle was significantly listed. Taken together, our results suggest that HP1c does not directly control PGC cell cycle progression by regulating cell cycle-related genes. However, many genes acting on differentiated tissues were up-regulated in HP1c À/À PGCs. The fate of 1022 stem cells, including PGCs, depends on a fine balance between growth and differentiation. It is possible that cell proliferation arrest in HP1c À/À PGCs is the result of induction of cell differentiation and/or growth inhibition that is normally repressed in PGCs. However, whether HP1c directly controls these differentiation genes is still unclear.
In conclusion, our results suggest that HP1c plays an important role in keeping enough germ cells by regulating the PGC cell cycle to reproduce offspring successfully during reproductive ages.
